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ABSTRACT
The globular clusters of large spiral galaxies can be divided into two populations:
one which formed in-situ and one which comprises clusters tidally stripped away from
other galaxies. In this paper we investigate the contribution to the outer globular
cluster population in the M31 galaxy through donation of clusters from dwarf galax-
ies. We test this numerically by comparing the contribution of globular clusters from
simulated encounters to the observed M31 globular cluster population. To constrain
our simulations, we specifically investigate the outermost globular cluster in the M31
system, MGC1. The remote location of MGC1 favours the idea of it being captured,
however, the cluster is devoid of features associated with tidal interactions. Hence we
separate simulations where tidal features are present and where they are hidden. We
find that our simulated encounters can place clusters on MGC1-like orbits. In addi-
tion, we find that tidal stripping of clusters from dwarf galaxies leaves them on orbits
having a range of separations, broadly matching those observed in M31. We find that
the specific energies of globular clusters captured by M31 closely matches those of the
incoming host dwarf galaxies. Furthermore, in our simulations we find an equal num-
ber of accreted clusters on co-rotating and counter-rotating orbits within M31 and use
this to infer the fraction of clusters that has been accreted. We find that even close
in roughly 50% of the clusters are accreted, whilst this figure increases to over 80%
further out.
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1 INTRODUCTION
Globular clusters are believed to be an integral part in
galaxy evolution, see e.g, Brodie & Strader (2006); Renaud
(2018), and understanding the origin of different globular
clusters is essential to fully understanding their formation.
There are two viable mechanisms that can populate a galaxy
with clusters; either the globular clusters form in-situ, that
is from gaseous material inside the galaxy itself, or they form
outside and then are accreted to the total population. Searle
& Zinn (1978) suggested this twofold build-up as a hypoth-
esis for explaining the bimodalities observed in the Milky
Way cluster population (see, e.g., Zinn 1985; Harris 1996;
Mar´ın-Franch et al. 2009), and many works has investigated
this scenario since then (see, e.g., Coˆte´ et al. 1998; Tonini
2013; Renaud et al. 2017).
The Milky Way is not the only galaxy that shows such
bimodalities, in fact bimodalities are very common in ob-
served galaxies, see e.g. Brodie & Strader (2006) for a re-
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view. Most often this is referred to as the blue and red
clusters, due to the globular clusters showing a separation
in colour (see, e.g., Gebhardt & Kissler-Patig 1999; Larsen
et al. 2001; Kundu & Whitmore 2001; Peng et al. 2006).
Furthermore, in the Milky Way the blue clusters has been
linked to a metal-poor population that is spatially extended
without clear signs of rotating, whereas the red clusters are
more metal-rich, spatially concentrated and shows signs of
co-rotating with the galaxy, see Armandroff & Zinn (1988);
Coˆte´ (1999). The spatial distribution and kinematics of the
two populations are in favour of building the blue population
by accretion, while the red population forms in-situ.
A more compelling evidence for the two-fold build up
is the on-going accretion of globular clusters from satellite
galaxies in the Universe today. One example is the Sagittar-
ius dwarf, which is believed to have donated multiple glob-
ular clusters to the Milky Way in the past billion years,
see Layden & Sarajedini (2000); Siegel et al. (2007). Fur-
ther evidence of accretion events can also be found in the
outer parts of our neighbouring galaxy Andromeda (hence-
forth M31), which was well studied in the Pan-Andromeda-
© 2018 The Authors
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Archaeological-Survey (PAndAS), (see, e.g., Martin et al.
2006; Ibata et al. 2007; McConnachie et al. 2008). Using the
PAndAS data, Mackey et al. (2010b) found that there is
a striking alignment between the position of outer globular
cluster and tidal debris, such as stellar streams. By detailed
investigation of the likelihood of chance alignment, Mackey
et al. concluded that the outer globular cluster population
consists of >≈ 80% accreted clusters.
In this work we focus on the globular cluster MGC1,
which is a globular cluster on an extremely wide orbit in
M31. Martin et al. (2006) discovered this particular clus-
ter for which they determined a position on the sky with
right ascension 0h50m42.5s and declination +32◦54′59.6′′.
This gives MGC1 a projected distance of ≈ 117 kpc from the
M31 centre. In another work by Mackey et al. (2010a), the
authors observed MGC1 using the Gemini/GMOS observa-
tory to determine a precise distance to the cluster. They
found a distance modulus of µ = 23.95 ± 0.06, which gives
MGC1 a radial distance from M31 of 200±20 kpc. This makes
MGC1 the most remote cluster in the Local Group with
some considerable margin. Although a proper motion has
not yet been determined for MGC1, several authors have
measured its radial velocity, see, e.g., Galleti et al. (2007);
Alves-Brito et al. (2009). Comparing to the systematic ve-
locity of M31 (van der Marel et al. 2012), the MGC1 has a
radial velocity that is comfortably lower than the M31 es-
cape velocity (Chapman et al. 2007). Thus, MGC1 is likely
one of M31 bona fide members and not an intergalactic clus-
ter.
The metallicity of the cluster has been somewhat de-
bated, where the authors of the original paper, Martin et al.
(2006) determined a metallicity [Fe/H] ≈ −1.3 by fitting
isochrones to the its colour-magnitude diagram (CMD). Us-
ing spectra from the Keck/HIRES instrument, Alves-Brito
et al. (2009) argued that the metallicity for MGC1 was
[Fe/H] ≈ −1.37 ± 0.15, which is in agreement with Martin
et al.. Controversially, Mackey et al. (2010a) derived a signif-
icantly lower metallicity at a reported value of [Fe/H] ≈ −2.7.
Although, said authors do not agree on the exact value, they
all coincide with a metallicity that would contribute to the
blue, metal-poor population of the Milky Way. For the M31
such bimodality is not clear, where both cases has been ar-
gued (see, e.g., Barmby et al. 2000; Fan et al. 2008; Caldwell
et al. 2011).
The remote location and low metallicity of MGC1 is in
favour of an accretion origin for the cluster, however there
are restrictions to this scenario as well. Mackey et al. (2010a)
investigated this possibility by searching for signs of tidal in-
teraction. MGC1 does coincide spatially with three satellite
galaxies, however, this is due to projection where the three
satellites reside significantly closer to the M31. Additionally,
the three galaxies and MGC1 shows different velocities and
are therefore likely on very different orbits. Another tracer
for recent tidal interaction is stellar streams around the ob-
ject. Mackey et al. (2010a) used star counts in the vicinity
of MGC1 to look for such features but could not find any.
Moreover, Mackey et al. found that MGC1 has an extremely
extended structure, with stars that match the MGC1 stellar
population out to 450 pc and possibly even 900 pc. This is
a significant fraction of the tidal radius at the location of
MGC1, thus it must have spent some considerable time in
isolation.
In this work we address the question of whether it is
possible that MGC1 did in fact originate from an accretion
event. We test this by using numerical simulations of encoun-
ters between dwarf galaxies and the M31, in which we look
at the probability of tidally stripping away globular clusters
from the dwarf galaxy and place them on wide enough orbits
for them to be observed as the MGC1. Furthermore, we con-
strain our encounters as to not leave visible traces by using
an analytic expression of the tidal radius to check whether
the dwarf galaxy or the clusters sustain significant damage
to its luminous matter during the encounter.
The report is structured with a summary of the numer-
ical scheme and brief review of the tidal radius in Section 2,
followed by results and their implications in Section 3, first
focusing on a typical encounter in our simulation and then
looking at how the likelihood of obtaining a cluster simi-
lar to MGC1 depends on the dwarf galaxy properties and
orbital parameters in all encounter that where simulated.
In Section 4 we investigate what our results imply for the
observed globular cluster population in M31 by comparing
the general properties of clusters captured by M31 on or-
bits other than those that resemble the orbital properties of
MGC1 to those observed in the accreted cluster population
of M31. In Section 5, we discuss our results, the limitations
of our model and suggest possible histories of MGC1 other
than that covered in this work for future work. Finally, in
Section 6 we list the major findings of this work.
2 METHODOLOGY
We use numerical integration to investigate whether globu-
lar clusters can be tidally stripped away from dwarf galax-
ies during encounters with M31, after which they should be
left on wide orbits around M31, such that they can be ob-
served as MGC1. Additionally, the encounters are restricted
to not cause visible damage to the luminous structure of
M31 or the dwarf galaxy due to the absence of tidal features
around the observed MGC1. We use a Runge-Kutta integra-
tor scheme with an adaptive time-step (Cash & Karp 1990)
for which the acceleration is calculated from a static, axisym-
metric, three component potential field for M31 and a mov-
ing, spherically symmetric potential, for the dwarf galaxy.
These potential fields are described in Section 2.1. Out of
interest in simplicity the globular clusters were treated as
test-particles in all simulations. For each encounter we place
a thousand globular clusters around the dwarf galaxy. Even
though a dwarf galaxy would, in reality, contain only a few
globular clusters (see, e.g., Mateo 1998; Peng et al. 2008) this
does not affect the result as the globular clusters are treated
as test-particles, therefore the globular clusters does not af-
fect each other. Having so many globular clusters enables
us to probe many different orbits for initial conditions for
each simulation. In post-processing we then scale the frac-
tion of globular clusters in different populations to a realistic
number of globular clusters in a given dwarf galaxy
2.1 Models for the galaxies
To model the potential field of M31 we use a modified ver-
sion of the potential fitted to its rotation curve by Geehan
et al. (2006). Our M31 potential is a static, axisymmetric,
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bulge-disc-halo potential with a Hernquist model (Hernquist
1990) for the bulge, a Miyamoto-Nagai model (Miyamoto &
Nagai 1975) for the disc and a Navarro-Frenk-White (NFW)
potential (Navarro et al. 1996b) for the halo. Compared to
the model of Geehan et al. we neglect the central black hole
and fitted their exponential disc profile to the aforemen-
tioned Miyamoto-Nagai model. This simplification is rea-
sonable since the encounters simulated for this work mainly
orbit in the halo of the M31. As coordinates we used a Carte-
sian coordinate system in the simulations, using the conven-
tional definitions for spherical radius r2 = x2 + y2 + z2 and
R2 = x2 + y2, with origin at the centre of M31 and x, y in the
plane of the galactic disc. For completeness the expressions
for all models are given below in the order bulge-disc-halo:
Φb(r) = −
GMb
rb + r
, (1)
Φd(R, z) = −
GMd√
R2 + (a +
√
z2 + b2)2
, (2)
Φh(r) = −
4piGδρcr3h
r
ln
(
r + rh
rh
)
, (3)
where G is the gravitational constant and the parameters
were set to Mb = 3.3 × 1010M, rb = 0.61 kpc. Md = 1.03 ×
1011M, a = 6.43 kpc, b = 0.265 kpc, δ = 27×104, rh = 8.18 kpc
and ρc = 277 h2M kpc−3. For the NFW model we assumed
a value h = H0/(100 km/s/Mpc) = 0.71.
A caveat of a static potential field is that it does not pro-
duce any tidal decay for orbiting systems. Since our simula-
tions run for a significant fraction of the age of the Universe
this could cause misleading interpretations of our results.
For our simulations it is mainly an issue for the globular
clusters that are captured in the M31 potential after being
tidally stripped away from the dwarf galaxy, since the orbit
they obtain afterwards will determine whether they could
be observed as MGC1. Binney & Tremaine (2008) derived a
simplified expression for the timescale for orbital decay due
tidal friction given by
tfric =
1.17
lnΛ
M(r)
M
tcross, (4)
where lnΛ is the Coulomb logarithm describing deflection
of material due to the gravitational force of the orbiting
system with mass M.M(r) is the mass enclosed within radius
r of the major galaxy, in this case M31. The crossing time,
tcross = ri/vc (where ri is the initial orbital radius and vc is the
circular speed), is the time required for the orbiting system
to travel one radian. Using a typical value for lnΛ = 0.6, the
timescale for orbital decay of an object like MGC1 (assuming
ri = 200 kpc and M = 105M) in our M31 potential, given
by
tfric =
1.17
lnΛ
√
rM(r)
G
ri
M
, (5)
far exceeds the age of the Universe.
This work is based on the assumption that MGC1 orig-
inates from a dwarf galaxy which at some point had an
encounter with M31 during which the MGC1 was tidally
stripped away and then left orbiting M31. To model the
dwarf galaxy we used a Plummer model (see, e.g., Plummer
Table 1. Masses, scale-radius and the limits within which glob-
ular clusters where distributed initially.
Ms rs rmin rmax M1/2
M kpc kpc kpc M
107 0.2 0.13 3.9 5 × 106
108 0.4 0.38 8.27 5 × 107
109 0.6 0.76 17.7 5 × 108
1010 0.8 1.19 37.94 5 × 109
1911; Binney & Tremaine 2008). The potential field of such
a model is expressed as
Φs(r ′) = GMs√
r2s + r ′2
. (6)
where Ms is the total mass of the dwarf galaxy, rs is a scale
length and r ′ is radius from the centre of the dwarf. The
Plummer model gives the dwarf a cored profile, with a core
radius that is approximately 0.64rs. For this work we tested
four different dwarf galaxy masses listed in Table 1. These
give typical masses and shapes for Local Group dwarf galax-
ies (see, e.g., Mateo 1998).
For each encounter that is simulated, we use a sample
of 1000 globular clusters distributed in the dwarf galaxy.
To cover as many possible initial positions as possible in the
space surrounding the dwarf galaxy, we assume that the dis-
tribution is homogeneous in Cartesian space, i.e. dN/dr ∼ r2.
We constrain the minimum orbital distance for a globular
cluster in the dwarf such that the globular cluster is not
disrupted prior to the encounter. The maximum orbital dis-
tance was selected such that the globular clusters are not
tidally stripped before coming within 200 kpc of the M31.
The radial limits are listed for each dwarf galaxy in Table 1.
The globular clusters are given radial orbits initially, how-
ever, since clusters are initiated when the dwarf is located
at the apocentre of its trajectory, which gives clusters some
time to evolve before reaching the pericentre where the vast
majority is stripped away, their eccentricities will mix before
the encounter takes place.
2.2 Constraining encounters with the tidal radius
As was mentioned previously, the observed MGC1 appears
void of tidal features such as tidal tails, association to tidal
streams or nearby dwarf galaxies. We will use this to con-
strain the encounters which could lead to the donation of a
MGC1-like cluster. Firstly, we do not allow any encounters
that can cause visible damage to M31 to be the progeni-
tors of MGC1, although we find that any encounters close
enough to cause significant damage to the luminous struc-
ture of M31 would be tidally shredded to a large extent.
To track whether the dwarf galaxy sustains significant
damage to its luminous structure during the encounter we
use an analytic prescription to track its tidal radius, i.e., the
radius outside which material starts to get stripped from the
dwarf galaxy. Read et al. (2006) derived a general analytic
expression for the tidal radius. Their expression depends on
both the orbital properties of the satellite galaxy, as well
as the orbits of the object within the satellite. Read et al.
(2006) showed that for isothermal spherical density profiles,
MNRAS 000, 1–17 (2018)
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ρg,s = Ag,sr2 (using the subscripts g for M31 and s for the
dwarf galaxy), the tidal radius can be calculated by
rt '
√
βAs/Ag
(√
α2 + 1 + r2/β − α
)
1 + β/r2 , (7)
where α is a factor that depends on whether orbits of ob-
jects in the satellite are prograde (α = 1), radial (α = 0) or
retrograde (α = −1). β is used to simplify the expression and
is given by
β = 2
r2p r
2
a
r2p − r2a
ln
(
rp
ra
)
, (8)
where rp is pericentre distance and ra is apocentre distance
of the satellite trajectory. Note that this formula only holds
for bound dwarf galaxy trajectories. Throughout this work
we will use the smallest tidal radius, that is with α = 1 (pro-
grade), to track whether the dwarf galaxy is tidally stripped
of stars.
3 TIDAL STRIPPING AS MECHANISM TO
PRODUCE MGC1
The main result of this work is to determine whether it is
possible to tidally strip globular clusters away from dwarf
galaxies and capture them onto wide orbits around M31.
To test this we simulate encounters between M31 and dwarf
galaxies, in which we trace 1000 globular cluster trajectories
drawn from a distribution that represents possible initial
orbits. This method relies on the fact that globular clusters
are treated as test-particles, thus do not effect each other.
For each simulated encounter we compare the fraction of
the total clusters in three different populations, plus one
sub-population: clusters that were stripped away from the
dwarf and bound to M31 (Captured); clusters that remained
bound in the dwarf galaxy throughout the entire simulation
(Retained); clusters left unbound to either potential fields
(Unbound). The sub-population consist of Captured clusters
that end up on orbits which are different compared to the
dwarf trajectory and that at some point after the encounter
places the clusters at the orbital distance of MGC1 (200 kpc).
3.1 Single encounter
In this section we describe a typical encounter in our simula-
tions. We selected a 109M dwarf galaxy with a trajectory
that has a pericentre distance, rp = 78.1 kpc and total spe-
cific energy, Etot = −6.372× 103 (km/s)2 (corresponding to an
apocentre distance of approximately 1 Mpc). This encounter
is chosen as one typical of those that produces MGC1-like
clusters, see Fig. 5. This encounter also showed the possible
outcomes of different globular clusters in an encounter. As
in all other encounter we trace the trajectories of 1000 indi-
vidual globular clusters, which are initiated in a well mixed
distribution before the encounter approached the smallest
separation in its trajectory. At the end of the simulation we
can then compare the fraction of all clusters which end up in
the aforementioned groups. In the left plot of Fig. 1 we show
the distance from the M31 centre for the dwarf galaxy (red
dashed line) as well as all the globular clusters (thin lines)
Table 2. Fraction of clusters in each group for a typical en-
counter. Data from same encounter as in Fig. 1
Captured Retained Unbound MGC1-like
0.561 0.412 0.27 0.206
as function of time for a typical encounter in our simula-
tions. The thin lines are coloured depending on whether a
given cluster ended up as Captured (grey), Retained (blue),
Unbound (yellow) or MGC1-like (green) at the end of the
simulation (in this case 10Gyr). The red region surrounding
the dashed red line shows the extent of the tidal radius given
by equation (7), and for this particular encounter we con-
clude that the encounter does not tidally disrupt the dwarf
galaxy or cause visible damage to the M31. To the right in
this figure we show a histogram for number of clusters at
certain radii at the final time of the left plot (colours of the
bars indicate the same as for thin lines).
For our set-up, the majority of the clusters are stripped
away and captured, however, only a subset end up on orbits
that makes them MGC1-like. Table 2 displays the fraction
of clusters in each group at the end of the simulation (10Gyr
after pericentre passage) for the single encounter shown in
Fig. 1. For this particular encounter 20% of the globular clus-
ters initially bound to the dwarf are tidally stripped away
from the dwarf and end up on orbits that at some point
places them 200 kpc away from M31. Note that for a cluster
to be MGC1-like it has to pass an orbital distance of 200 kpc
without being associated with the dwarf galaxy. For exam-
ple, in Fig. 1, clusters passing 200 kpc the first time after
the pericentre passage are not counted as being MGC1-like
until a second passage as they would be associated with the
dwarf the first time.
Is is interesting to see if certain properties are linked
to whether a cluster end up in specific groups after the en-
counter, thus providing a means to predict the outcome. The
tidal radius described earlier (see equation (7)) indicate that
prograde prograde clusters are more easily stripped away.
Additionally, the position of a cluster when the dwarf galaxy
passes the pericentre of its trajectory is also of interest as
this will play a role in determining show their orbital en-
ergy is altered by the interplay between the dwarf and M31.
Fig. 2 shows the position of all clusters (points) as well as
the dwarf galaxy (plus sign) at the pericentre passage. The
trajectory of the dwarf is shown by the red dashed line. The
grey-scale in the background shows the total potential field,
that is the sum of the dwarf potential and the M31 poten-
tial. Note that the centre of M31 is located at (0,0) in this
figure. The trajectory of the dwarf galaxy lies in the xy-
plane. The first thing to notice is that the vast majority of
the Retained clusters (blue) lie within the outermost tidal
radius (retrograde orbit), as in indicated by the dot-dashed
line. In fact, in the direction parallel to the trajectory of
the dwarf they all fall within the distance equal to this tidal
radius. Conversely, the majority of the clusters that were
tidally stripped away during the encounter lie outside the
innermost tidal radius (prograde).
We find that the MGC1-like clusters mostly reside in-
side the orbit of the dwarf galaxy, whereas the Unbound
clusters lie outside. The Unbound clusters lie rather deep
into the dwarf potential as it passes the pericentre. The rea-
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Figure 1. Left: Distance from M31 as function of simulation time for the dwarf galaxy (red dashed line) and globular clusters (thin
lines). Thin lines are coloured in accordance with the population in which the globular clusters end up in at the end of the simulation (see
legend for labels). The distance between M31 and MGC1 is marked with the black dashed line. The red shaded region marks the tidal
radius of the dwarf galaxy given by equation 7 assuming prograde orbits (α = 1). Right: Binned number of clusters at given distances
from M31 at the end of the simulation (t = 10Gyr). Bin height corresponds to the number of thin lines that hits the right-most boarder
of the left plot. Bins are coloured similarly to colour of thin lines.
son they are found close to the dwarf galaxy is because they
are slingshot out from the system by the strength of its po-
tential. The clusters outside the dwarf galaxy trajectory that
are tidally stripped but left bound to M31 are those that end
up on orbits exterior to the dwarf. It should be mentioned
that if the dwarf galaxy is given a parabolic trajectory, then
out of the clusters that are stripped away approximately half
end up captured by M31 on orbits interior of the dwarf tra-
jectory, while the other half are thrown away on hyperbolic
trajectories exterior to the dwarf trajectory.
Focusing now on the shape of the distribution, we find
that the different cluster groups fall within overlapping but
different regions. The Retained clusters are distributed in an
elliptical shape with semi-major axis parallel to the trajec-
tory of the dwarf, while the remaining clusters have a similar
shape but more elongated and with semi-major axis oriented
toward the direction of the M31 centre with a small offset
angle. It turns out that one obtains the same shapes if divid-
ing the clusters into those on retrograde orbits and prograde
orbits, see Fig. 3. This clearly shows that tidal stripping not
only depends on the tidal forces that is applied to certain
objects, but also on their orbital properties as was shown by
Read et al. (2006).
To investigate further we determined the degree to
which each cluster is retrograde or prograde, quantified by
the scalar product between the normalised angular momen-
tum vector of the dwarf galaxy around M31 and that of each
cluster orbiting around the dwarf given by the expression:
Jˆs · Jˆc = rs × vs|rs × vs | ·
rc × vc
|rc × vc | , (9)
where rs is the radial vector from M31 to the satellite, vs
is the velocity vector for the satellite, rc is the radial vec-
tor from the satellite to the globular cluster and vc is the
velocity vector of the cluster. This quantity will be posi-
tive for prograde orbits and negative for retrograde orbits.
Fig. 4 shows a histogram of fraction of clusters as function of
orbital orientation, given by equation (9), for the different
cluster groups. This figure confirms that the clusters that
are tidally stripped away are typically found on prograde
orbits (positive orbital orientation), while retrograde clus-
ters typically remain bound to the dwarf. Furthermore, we
find that MGC1-like clusters are more likely among clus-
ters that have an angular momentum vector which is closer
to being aligned with that of the dwarf (orbital orientation
closer to 1). This encounter has an apocentre which is sig-
nificantly larger compared to the orbital distance of MGC1,
thus some mechanism needs to bind them tightly to M31
otherwise they would leave the system along a trajectory
similar to that of the dwarf. This mechanism is the inter-
MNRAS 000, 1–17 (2018)
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Figure 2. The spatial distribution of the globular clusters in the orbital plane of the dwarf galaxy when the dwarf galaxy is at its
closest approach (i.e., t = 0). The red dashed line shows the trajectory of the dwarf galaxy before (upper left) and after (bottom right)
the encounter. The clusters are colour-coded according to what population they ended up in after the encounter (see legend for labels).
The background shows the total potential field strength from the M31 galaxy and the dwarf galaxy. The black lines (dot-dashed, filled,
dashed) shows circles with radius given by the tidal radius, given by equation (7), for retrograde, radial and prograde orbits.
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Figure 3. Plots similar to that in Fig. 2, but clusters are divided
into clusters on retrograde orbits (left plot) and prograde orbits
(right plot) when the dwarf is at the pericentre position.
play between the gravitational force exerted by the dwarf
and M31. This can be thought of the opposite of the sling-
shot mechanism which throws the Unbound clusters out of
the system.
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Figure 4. Fraction of clusters in different populations as function
of the scalar product between normalised direction of the orbital
plane for dwarf galaxy and globular cluster, see equation (9). This
is a measure of the degree to which a cluster has prograde (posi-
tive), retrograde (negative) or radial (zero) orbit with respect to
the dwarf galaxy orbit around M31 at t = 0.
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3.2 Likelihood of capturing MGC1
To understand what kind of encounters are most likely to
produce MGC1 we simulated a set of encounters covering a
large range of dwarf galaxy trajectories. We tested four dif-
ferent dwarf galaxy masses, all listed in Table 1. The initial
conditions for the dwarf galaxy was set up by the following
steps: (1) A pericentre position was randomly selected uni-
formly on a sphere with origin at the centre of M31 and a
radius between 20 kpc and 120 kpc, such that the distribution
scales as r2p . This is the same approach as was used when ini-
tialising the globular cluster sample, see Section 2; (2) The
magnitude of the velocity of the dwarf was set by its specific
kinetic energy, given by the potential energy subtracted from
the total energy. The potential energy was readily available
from the potential of M31 (Φ(rp) = Φb(rp)+Φd(rp)+Φh(rp)),
whereas the total specific energy was selected uniformly in
the range [Φ(rp), Emax]; (3) To find the direction of the veloc-
ity we randomly selected the direction of the orbital angle,
Jˆ, (similarly to how the direction of rp was generated) and
used the cross product,
vˆ =
rp
|rp | × Jˆ. (10)
(4) When the position and velocity at the pericentre was
selected the dwarf galaxy was integrated backwards in
time out to the smallest of either the apocentre distance
or 500 kpc. At this point the globular cluster sample was
added to the dwarf. Motivated by test simulations we chose
Emax = 0 for all encounters except those with a dwarf of mass
1010M, where Emax = 104 (km/s)2 to cover the range where
encounters produced MGC1-like clusters. The simulations
where run until 10Gyr after the dwarf passed the pericen-
tre position. In total we simulated 1000 encounters for each
dwarf galaxy mass, each probing 1000 different globular clus-
ter orbits using test-particles.
We find that there is a clear trend between fraction of
MGC1-like clusters and the total specific energy (Etot), see
Fig. 5. This figure displays the fraction of MGC1-like clusters
as a function of total specific energy for all simulations (grey
points) for the four masses 107M (top left), 108M (top
right), 109M (lower left) and 1010M (lower right). The
MGC1-like fraction peaks around Etot ≈ −15 × 103 (km/s)2
then decreases toward both higher and lower energies at
a rate that increases with decreasing dwarf galaxy mass.
The peak is roughly at the orbital energy of MGC1, which
is ≈ −19 × 103 (km/s)2 assuming that MGC1 is on a circu-
lar orbit. Note that there are no known proper motions for
MGC1, therefore an exact estimate of its orbital energy can
not be determined. The red marks in Fig. 5 show the average
MGC1-like fraction in different energy bins with widths of
2×103 (km/s)2 centred on the red marks. The error bars show
the standard deviation in the estimated average. The black
points are the same as the red points, however, in these bins
there were fewer than five data points. The standard devia-
tion of the points are significantly smaller for specific energy
bins larger that than the peak at ≈ −15 × 103 (km/s)2, com-
pared to lower specific energies. This is partly due to lower
number statistics, but also due to how we set up the simula-
tions. We do not consider any specific time when the dwarf
is observed as a MGC1, but rather look at the possibility
of being observed as MGC1. Since the simulations runs for
10Gyr after the dwarf passes the pericentre of its trajectory,
clusters that are stripped away and left on orbits with an
apocentre only slightly larger than 200 kpc are almost cer-
tainly counted as MGC1-like. Additionally, dwarf galaxies
on tighter enough orbits will have multiple encounters dur-
ing which clusters can be tidally stripped away.
The tidal radius described in Section 2.2 depends on dis-
tance between the dwarf galaxy and the M31 galaxy. Since
the tidal radius is a good indication of whether clusters are
stripped away or not it is interesting to look for relations
between the MGC1-like fraction and the distance between
the dwarf galaxy and M31, more specifically the pericentre
distance since this will determine the tightest tidal radius.
Assuming point mass potentials for both the satellite and
the major galaxy, Read et al. (2006) derived a simplified ex-
pression for the tidal radius at pericentre passage given by
rt ' rp
(
Ms
MM31
)1/3 ( 1
1 + e
)1/3 ©­­«
√
α2 + 1 + 21+e − α
1 + 21+e
ª®®¬
2/3
, (11)
where rp is the pericentre distance and e is the eccentricity
of the satellite orbit (in our case the dwarf galaxy). This
expression shows a similar scaling compared to the tidal ra-
dius derived by King (1962). This expression shows a linear
relation between the pericentre distance and the tidal ra-
dius. Therefore, one would naively expect that the fraction
of MGC1-like clusters depends on the pericentre distance of
the dwarf trajectory.
Fig. 6 shows the MGC1-like fraction as function of dwarf
pericentre distance, rp, for the encounters with specific or-
bital between −15 × 103 and −9 × 103 (km/s)2 for the four
masses 107M (top left), 108M (top right), 109M (lower
left) and 1010M (lower right). We find a linear decrease in
MGC1-like fraction with increasing dwarf galaxy pericentre
in given energy ranges, although the slope is very small with
the exception of small dwarf galaxy mass with bound orbits.
For the larger masses we do not find any clear dependence
with pericentre distance for this particular energy range. If
looking at other energy bins, especially toward larger specific
energy bins there is a dependence that is similar to the one
found for the 107M and 108M dwarf galaxies, however,
in these energy ranges the the fraction of MGC1-like clus-
ter is negligibly small (a few per 1000 clusters) regardless of
pericentre distance.
In Fig 6 we separated encounters where the dwarf
galaxy survive the encounter (i.e., has a luminous struc-
ture that is within the smallest pericentre distance, given
by equation (11)) and encounters where the dwarf is tidally
stripped of stars that do not belong to the cluster by filled
circles and crosses respectively. For each mass there is a
sharp cut in pericentre distance where this takes place due
to the strong dependence between the tidal radius and peri-
centre distance (which set the smallest tidal radius). We
find that to produce MGC1 from an encounter that does
not leave behind any stellar stream due to tidally shredding
the dwarf galaxy the encounter must have had a pericentre
larger than 30 kpc, 29 kpc, 27 kpc and 31 kpc for dwarf galaxies
of masses 107M, 108M, 109M and 1010M respectively.
That the limiting pericentre distance is similar for all masses
comes from an interplay between massive galaxies retaining
their stars more easily due to stronger gravitational field
MNRAS 000, 1–17 (2018)
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Figure 5. Fraction of MGC1-like clusters as function of specific orbital energy of the dwarf galaxy. Grey point show all individual
encounters. The red points shows the mean fraction of all encounters in selected energy bins, with error bars that display the standard
deviation. The black point show the same thing, however, in this energy bins where no more than 5 encounters where present. Each
panel shows the results for different dwarf galaxy masses (indicated in each plot)
(thus have larger tidal radius) and larger luminous struc-
ture.
4 BUILDING THE GLOBULAR CLUSTER
POPULATION OF M31
4.1 Accreted globular clusters in M31
We find that for clusters captured by M31 there is no pre-
ferred orbital orientation, which implies that in the accreted
population there should be the same number of clusters
that have co-rotating orbits and clusters that have counter-
rotating orbits with respect to the rotation of the M31
galaxy. In contrast the population that formed in-situ should
have to some degree have retained the orbital orientation of
the material from which it formed. This should give the in-
situ population primarily co-rotating orbits. This dichotomy
has been suggested as a means to separate the accreted and
in-situ population before, see e.g. Brodie & Strader (2006)
for a review. For the purpose of this work we will use this
to determine the number of accreted clusters in different re-
gions of M31.
We make the following crude but simple assumptions:
1) all clusters that formed in-situ have retained orbits that
are co-rotating with the rotation of the M31; 2) the accreted
population consists of an equal number of co-rotating and
counter-rotating clusters. We refer to number of co-rotating
clusters as A and number of counter-rotating clusters as B.
The total number of clusters is the sum of A and B. The
total number of clusters can also be split into the sum of
the total number of in-situ clusters and the total number of
accreted clusters. From the first assumption it follows in a
given group of clusters the number of in-situ clusters should
be A − B. From the second assumption it follows that in a
given group of clusters the accreted number of clusters is
two times B. Following this we can calculate the number of
accreted and in-situ cluster by the following expression:
A + B = A − B︸︷︷︸
in−situ
+ 2 · B︸︷︷︸
accreted
. (12)
In order to determine whether clusters in M31 are co-
rotating or counter-rotating we looked at their position and
radial velocity relative to the velocity of M31 to determine
whether they are approaching or receding with respect to
M31. Fig. 7 shows the position of globular clusters and dwarf
galaxies relative to the centre of M31. Clusters that are ap-
proaching relative to the M31 motion are coloured blue,
while clusters that are receding are coloured red. Clusters
or dwarf galaxies for which the radial velocity is not deter-
mined are left unfilled. All data that was used to create this
figure was obtained from the M31 Revised Bologna Clusters
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Figure 6. Fraction of MGC1-like clusters as function of pericentre position for the encounters with energies between −20 × 103 (km/s)2
and −13 × 103 (km/s)2, that is the energy range that covers the peak in MGC1-like fraction shown in Fig 5. Points are coloured according
to total specific energy in bins given by the colour bar. The four plots gives results from 107M (top left), 108M (top right), 109M
(bottom left) and 1010M (bottom right). The crosses marks encounters in which the dwarf galaxy sustained some damage during the
encounter, whereas the dots marks encounters where the dwarf survive. Note that there is not a significant dependence between the
MGC1-like fraction and pericentre distance, so long as the dwarf galaxy survives the encounter.
and Candidates Catalog (Version 5), see Galleti et al. (2006)
and Galleti et al. (2014). In this frame of reference, M31 has
a rotational axis that points in the direction of the dashed
line toward the bottom left, i.e., the galaxy is rotating to-
ward us on the lower right side of the dashed line and away
from us on the opposite side. Following these conventions
implies that clusters that are receding (red) on the upper
left side of the dashed line and clusters that are approach-
ing on the lower right side of the dashed line are co-rotating
with the M31 rotation. The counter-rotating clusters will do
the opposite. We divided the M31 into three different re-
gions which are marked by black ellipses in Fig. 7. These
ellipses are projections of circles that lie in the disc of M31.
The innermost region is that with a projected circle with a
radius of 15 kpc (Disc), the second region is that outside the
first and second ellipse, where the second ellipse is the pro-
jection of a circle with a radius of 50 kpc (Inner halo). The
last bin (outer halo) is the region outside the Inner halo.
Using equation (12) we determined the number of clusters
in different groups for each of these regions and show the
results in Table 3. The errors that are shown is assumed
Poisson noise in the determination of A and B. In the last
row of Table 3 we have listed the fraction of in-situ clusters
for each region. We find that whilst roughly half of the inner-
most clusters have formed in-situ, the majority of clusters
found further out have been accreted. That the number of
in-situ clusters decrease significantly with increases distance
is in agreement with other work, although we overestimate
this fraction compared to estimates by Mackey et al. (2010b)
whom concluded that >≈ 80% of clusters outside 15 kpc comes
from accretion events, due to their spatial correlation with
stellar streams. That we overestimate the fractions imply
that the accreted clusters of M31 preferentially are on co-
rotating orbits. This could be explained by satellite galaxies
that have encounters with M31 preferentially come in on
co-rotating orbits. In fact, if looking at the satellite galaxies
that are shown in Fig. 7 we find that there are more satellites
on co-rotating orbits compared to counter-rotating orbits,
although the numbers are very small.
The accuracy errors that we estimate for the number of
clusters in different regions should be discussed. The stated
error are assumed Poisson noise which assumes that each
event that contribute to the population should at least have
similar properties, however, this is not necessarily the case.
If M31 has had an encounter in the past that contributed
with a large number of clusters then the orbital orienta-
tion of this encounters could gravely shift the assumption of
an equal number of co-rotating and counter-rotating clus-
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Figure 7. Position relative to M31 centre for observed globular clusters and dwarf galaxies. Objects are coloured depending on whether
they are approaching (blue) or receding (red) with respect to the motion of M31. Clusters with unknown radial velocity are left unfilled.
Cluster positions and velocities come from the M31 Revised Bologna Clusters and Candidates Catalog (Version 5), see Galleti et al.
(2006) and Galleti et al. (2014). Teal dashed lines show circles centred on M31 (black dot) with radii of 50 kpc, 100 kpc and 150 kpc. Black
ellipses show projections of circles in the plane of the M31 disc with radii of 15 kpc and 50 kpc. The black dashed line splits M31 along its
polar axis. Note that the rotation axis of M31 points toward the bottom left of this plot. The satellite galaxies Andromeda II, Andromeda
XXV and Andromeda XXVI are marked with names in the plot.
Table 3. Observed number of globular clusters in M31, divided into co-rotating (A) and counter-rotating (B) with respect to the M31
disc. Cluster were divided into different bins depending on their position according to ellipses given by the projection of circles in the
plane of the M31 disc: BIN1 and BIN2 are projections of circles with radius 15 kpc and 50 kpc, respectively, while BIN3 include the
remaining clusters (see black ellipses in Fig. 7). Clusters where also divided into accreted and in-situ according to equation (12).
Region Co-rotating Counter-rotating Accreted In-situ Fraction of in-situ
A B 2 · B A − B (A − B)/(A + B)
Disc 141 ± 11.9 43 ± 6.6 86 ± 13.2 98 ± 13.6 0.533 ± 0.08
Inner halo 51 ± 7.1 28 ± 5.3 56 ± 10.6 23 ± 8.9 0.291 ± 0.12
Outer halo 22 ± 4.7 15 ± 3.9 30 ± 7.8 7 ± 6.1 0.189 ± 0.17
ters in the accreted population. The reader should therefore
note that these errors indirectly depend on the assumption
that the accreted population has been built up by many en-
counters which has orbital directions that are isotropically
distributed.
4.2 Constraining past encounters
Our numerical simulations shows that the MGC1 cluster
most likely comes from an encounter where the dwarf galaxy
had an orbital energy similar to that of the MGC1 today,
given that the dwarf galaxy survived the encounter, regard-
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less of the mass of the dwarf and its pericentre distance.
Assuming that this can be generalised to encounters that
produce globular clusters exterior to the orbital distance of
MGC1, that is; for any encounter where globular clusters
are tidally stripped away, the most likely outcome is having
clusters on orbits with specific orbital energy close to that
of the dwarf during the encounter. Assuming that MGC1 is
the most distant cluster found in M31, this would imply that
M31 is unlikely to have had encounters with dwarf galaxies
that had a specific total energy larger than that of MGC1
(≈ −19 × 103 km2 s−2) during which globular clusters where
added to the M31 cluster population.
It is interesting to compare the total contribution to
the globular clusters population of M31 that our encounters
would have given that MGC1 originates from one of our en-
counters. For this purpose we built up a mock sample of the
globular cluster population by randomly selecting clusters
from encounter in our simulations until they had produced
1 cluster at a distance from the M31 centre in the range
180 − 220 kpc. The encounters were selected from all simula-
tions in which the specific orbital energy of the dwarf was
less than −15 × 103 km2 s−2. We found that selecting from
encounters with energies larger than this produced a sig-
nificant population of clusters outside 200 kpc, which is in
agreement with what was discussed previously. The encoun-
ters where selected such that the dwarf galaxy stellar masses
matched the cumulative stellar mass function of satellite
galaxies in the Eris simulation, see Pillepich et al. (2015).
To convert from our masses to stellar masses for the dwarf
galaxies we used work by Ferrero et al. (2012). For each se-
lected encounter we selected a number of globular clusters
from the entire initial population. Cluster that belonged to
the Captured group where then added to the mock pop-
ulation. This selection was performed 1000 times and the
average distribution of clusters is plotted in Fig. 8 with a
green line. The number of clusters that was selected from
each dwarf were drawn from different ranges depending on
its mass: [1, 3] (107M), [1, 6] (108M), [1, 10] (109M) and
[1, 25] (1010M) at a time after the encounter uniformly se-
lected between 1−10Gyr. These ranges where selected based
on the number of globular clusters that is observed in Local
Group dwarf galaxies (Mateo 1998).
We now focus on comparing the spatial distribution of
clusters that we obtain in the our simulations to that of the
observed M31. We found that in order to obtain one cluster
between 180−220 kpc in our simulation we need to select, on
average, 10.3, encounters, however, the standard deviation of
this average is large (∼ 8). The mean number of clusters that
the encounters contribute with is 51.7 clusters and their pro-
jected radial distribution is shown in Fig. 8. The grey area
in the plot shows the projected spatial distribution of the
observed M31 clusters, where the black dashed line marks
the distribution of accreted clusters given by the method
described in Section 4.1. The radial distribution of the ob-
served clusters was obtained from Caldwell & Romanowsky
(2016). Note that MGC1 is located at a projected distance
of 117 kpc, resulting in a lack of clusters outside a projected
distance of 150 kpc. If the projected distance is interpreted
as the radial distance, one would make biased conclusions.
We find a surprisingly good match to the observed spa-
tial distribution in the outer region, given that our method
for building up the population is very basic. The simulated
distribution peaks at around 50 kpc and falls toward a value
of 1 at 200 kpc by construction. We do not produce clusters
on close in orbits, which is likely due to a lack of dynamical
friction and friction with gas that is absent in our simula-
tions. Additionally, the model for the dwarf galaxy is static,
and thus would not dissolve, regardless of whether the dwarf
galaxy sustains tidal damage. This means that our simula-
tions does not treat mergers in any meaningful way. Further-
more, we divided the total accreted population into clusters
from encounters where the dwarf suffered significant damage
(Stripping dwarf) and clusters where the dwarf remained in-
tact (Not stripping dwarf), which is shown with blue and red
lines respectively in Fig. 8. We defined significant damage as
encounters in which the tidal radius was within the half-light
radius of the dwarf galaxy. We find that in the inner regions
(> 75 kpc) the majority of clusters originate from encounters
where the dwarf galaxy sustained damage, thus could be as-
sociated with a stellar stream, whereas outside this region
there is approximately an equal number of clusters in both
populations. Mackey et al. (2010b) investigated 61 clusters
from the PAndAS sample located more than 30 kpc from
the M31 centre and found that 37 lie on major substruc-
ture. Furthermore, they found that another 13 clusters co-
incided with cluster over-densities, thus likely originate from
the same progenitor. Our comparison between clusters orig-
inating from stripped dwarf galaxies and isolated globular
clusters does not account for over-densities between clus-
ters, nevertheless, the fraction of clusters originating from
encounters with tidally stripped dwarfs agree surprisingly
well. The total number of clusters shown in Fig. 8 is ∼ 44,
out of which ∼ 24 comes from stripped dwarfs. It should
also be noted that we do not cover any major merger events
in our simulations and comparing our number of clusters
to the total number of observed clusters implicitly assumes
that we cover the entire range of encounters that M31 has
had in past. Since our encounters represent only a subset
of the total number of encounter M31 has had in past, the
sample of cluster either only represents a sub-sample of the
total cluster population or the dwarf galaxies not covered
in our simulations do not contribute with clusters to the
M31 population. Furthermore, the total number of encoun-
ters (including mergers) one would expect for a spiral galaxy
like the M31 far exceeds 10 (see, e.g., Renaud et al. 2017).
5 DISCUSSION
In this work we investigate the possibly of tidally stripping
away a single globular cluster from a dwarf galaxy and plac-
ing it on a wide orbit, thus producing a viable mechanism
for placing the cluster MGC1 where it is observed today. We
have focused on the fraction of clusters that end up on orbits
that enables them to appear as MGC1 assuming that the ini-
tial clusters are distributed uniformly in a region restricted
by the fact that they could not have been stripped prior to
the encounter. How this distribution compare to the true dis-
tribution is very difficult to assess since their distribution can
vary significantly between different dwarf galaxies. Addition-
ally, we find in our simulations that the clusters that remain
bound in the dwarf after the encounter change their distri-
bution, typically extending further outward. Dwarf galaxies
that have subsequent encounters will therefore be stripped of
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Figure 8. Projected number distribution of globular clusters
around M31. Grey histogram shows the observed number dis-
tribution using data from Caldwell & Romanowsky (2016), while
the black dashed line shows number distribution of the fraction of
the population that belongs to the accreted population based on
the fractions displayed in Table 3. Note that the innermost bins
does not cover the full number within the number limits. The
green line shows the distribution of clusters that was obtained by
selecting encounters from our simulations until one cluster was
obtain in the range 180 − 220 kpc (see details in Section 4.2). The
blue (red) line shows clusters originating from dwarfs that were
(not) tidally stripped.
more and more globular clusters, although the dwarf galaxy
is static by definition in our simulations. Furthermore, we
restrain from quoting an exact number of clusters that you
would typically contribute for a given dwarf galaxy because
the specific frequency of globular clusters varies significantly
for low mass galaxies. Spitler & Forbes (2009) suggested the
empirical relation between the total mass in the globular
cluster population of a galaxy and its total halo mass as a
method for estimating the number of clusters expected for a
given galaxy (see also Blakeslee et al. 1997; Harris et al. 2017;
Renaud 2018). The relation is very steep (mass in clusters
decreases quickly with decreasing halo mass) thus one expect
significantly more clusters in more massive galaxies. Follow-
ing this relation one expects few to non globular clusters for
109M and 1010M whereas the smaller dwarf galaxies that
we test likely never hosts globular clusters. However, other
works suggest that the specific frequency for globular clus-
ters turns around and increases for the smaller dwarf masses,
see e.g., Peng et al. (2008). Note that Peng et al. point out
that there is a very large scatter for the smaller masses, thus
a good estimate for specific frequency is difficult to estimate
in the low mass range. A good example of this variety is
the dwarf galaxies in the Local Group. Out of the all the
Local Group dwarf galaxies (> 76) only 12 have been de-
tected to host globular clusters (Grebel 2016). Furthermore,
dwarf that shows a large deviation to the empirical relation
from Spitler & Forbes (2009) is the Fornax dwarf galaxy lo-
cated in the Local Group, which has a mass enclosed within
1 kpc that has been estimated to 1.25 × 108M (Kowalczyk
et al. 2018), has a population of 6 globular clusters (Mateo
1998). Comparable to our Plummer masses this in between
Ms = 108 − 109M).
One of the constrains that we place on the encounters
from which MGC1 was tidally stripped away is that they
should not produce any stellar streams or association to the
dwarf galaxy, since non of these features are associated with
MGC1. Up to this point we have not mentioned the possi-
bility of producing MGC1 in an encounter where the dwarf
is disrupted and subsequently hidden through dispersion of
its stars. Mackey et al. (2010a) applied star counts to the
region surrounding MGC1 in search for structure, however,
could not find any indications of stellar streams. Moreover,
Mackey et al. found MGC1 to have stars at very extended
radius, with members of the cluster found out to 450 pc (pos-
sibly as far out as 900 pc), and point out that MGC1 likely
spent a considerable time in isolation. A next step in investi-
gating the origin of the MGC1 would be to test its evolution
using proper N-body treatment of its stars in the tidal fields
that one expects from the encounters that typically produce
clusters like the MGC1. Cluster evolution has been tested
both for cases where the clusters is located in isolation (see,
e.g., Spitzer 1987; Baumgardt et al. 2002), as well as in tidal
fields expected in accretion events (Madrid et al. 2012; Mi-
holics et al. 2016), although, only in specific cases. Further
investigating how the structure of clusters like the MGC1
evolve could provide useful constraints on otherwise invisi-
ble encounters between dwarf galaxies and larger galaxies. It
should also be mentioned that if MGC1 did originate from an
encounter where the dwarf was tidally shredded, low mass
dwarf galaxies would be preferential, since they are more
easily dispersed.
5.1 Static potential fields
One of the shortcomings of our work is the simplicity of the
potentials that were used. For the M31 we used a static po-
tential, which was fitted to the rotating curve of the present-
day M31. We have restricted our dwarfs to pass the pericen-
tre of their trajectory at maximum 10Gyr ago. At this time
most of M31 should have been built-up if it had a evolu-
tion comparable to the Milky Way, Renaud et al. (2017);
Kruijssen et al. (2018). Concerning the dwarf galaxy one
can question whether a static Plummer potential is realistic,
since the dwarf will experience strong tides during the en-
counter which can cause significant deformation to its mass
distribution and therefore its potential field. The goal of this
work was to test a large set of encounters to determine a first
estimate of the likelihood of producing extremely isolated
globular clusters given certain orbital parameters. We tested
four different dwarf galaxy masses for which 1000 different
encounters, each testing 1000 different initial globular clus-
ter orbits. Doing this in live dwarf galaxy potentials (i.e.,
treating the potential using tracer particles at some mass
resolution) is beyond the scope of this work.
To investigate the effect of disrupting the dwarf we con-
structed a few simulations with a time-dependent dwarf po-
tential which was gradually dispersed. We found that unless
the dwarf is completely dispersed in extremely violent en-
counters, the orbits of the globular clusters that are stripped
away does not change significantly. Typically, the encounters
that do tidally disrupt the majority of the dwarf galaxy, have
all clusters stripped away prior to this happening. As soon
as they are stripped their trajectories are determined by the
completely dominating potential of the M31.
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Furthermore, the dwarf galaxy is modelled using a
Plummer potential. This choice was made since the Plum-
mer model is a well behaved analytically described potential.
Additionally, the Plummer model gives a cored mass profile
which is typical for dwarf galaxies (see, e.g., Moore 1994;
Flores & Primack 1994; Governato et al. 2012). Contrary
to our choice of potential model, dwarf galaxies are typi-
cally modelled using a NFW profile, (Navarro et al. 1996a),
although this model does not have a cored mass profile (a
problem that can be alleviated using a cored-NFW profile
(see, e.g., Read et al. 2016)). Another problem with the
NFW profile is that the mass profile diverges for large radii.
We investigate how our model compares to ones using
a NFW profile by performing additional simulations with
a dwarf modelled by the NFW profile, i.e., following the
form already used for the M31 halo, see equation (3). For
this comparison we used an orbit which is consistent with
the known orbital properties of the M31 satellite ANDXXV.
As we will see later, ANDXXV, which was discovered by
Richardson et al. (2011), is a good candidate as MGC1 pro-
genitor. The coordinates used were taken from Galleti et al.
(2006, 2014), which is shown in Fig. 7 as a red square an-
notated with ANDXXV, at a projected position of ξ ≈ 5.58
and η ≈ −3.15 degrees. Its heliocentric radial distance is
734 kpc and the heliocentric radial velocity is 107.8 km s−1.
Furthermore, ANDXXV has a mass comparable to those in-
vestigated in this work. An immediate problem with this
choice is the lack of proper motion for this dwarf galaxy. For
now we assume zero proper motion for ANDXXV since the
focus is on comparing the models for the dwarf potenital.
For both simulations we used the same initial radial distri-
bution for the GCs in the dwarf, following the same method
used in Sec. 3.
We have to make additional assumptions to set the pa-
rameters for the ANDXXV models, since no estimate of its
rotation curve exists in the literature. Kirby et al. (2014)
found the stellar mass within ANDXXVs half-light radius
to be 5.4×106M. This can be translated into a virial mass,
M200, in the range 109 − 1010M using empirical relations
from abundance matching (Read et al. 2017; Read & Erkal
2018). However, such estimates are derived as a mean from
a broad distribution, implying considerable uncertainty for
individual galaxies. For our simulations we assumed a lower
estimate of M200 = 109M since this gives a model com-
parable to that in Sec. 3.1. Using a background density,
ρc = 136.05M kpc−3 (Maccio` et al. 2007), and concentra-
tion parameter, c = 22.5, (which is typical for dwarf galaxies,
see e.g., Read et al. 2016) we obtain a potential described
by equation (3) using δ = 3.34643 × 105 and rh = 0.93 kpc.
A comparable Plummer potential was obtained by defining
the mass to be the same at the virial radius, r200, of the
NFW halo. This gives a model according to equation (6)
with Ms = 7.64 × 108M and rs = 0.6 kpc.
Fig. 9 shows trajectories and the final distribution of
GCs of both the encounter using a Plummer model (left plot)
and the one using the a model (right plot). The two simu-
lation shows very similar distributions at the end, as well
similar fractions of MGC1-like clusters (12.1% for Plummer
and 18.2% for NFW). There are however small differences
in the shape of the wings surrounding the peak of the distri-
bution. The GCs in the encounter with the Plummer model
has a rather flat distribution with sharper edges, while the
NFW model gives a GC distribution with a rounded shape.
The reason for their similarity comes from the fact that the
Plummer model and the NFW model is very similar in the
region inside the dwarf galaxy where the GC are placed ini-
tially. This is shown in Fig. 10 where we plot the acceler-
ation as function of radial distance from the dwarf galaxy
for the two models. In this plot we included the initial ra-
dial number-distribution of GCs in the dwarf with mark-
ers coloured according whether they are Captured (grey),
Retained (blue) or MGC1-like (green). We find that where
the MGC1-like clusters are initiated the force from the two
models are almost identical. It is mainly in the inner regions
where the two models differ, where the Plummer has a cored
density profile contrary to the NFW profile. Hence, when we
simulate the same encounter with the two different models,
the resulting GC distribution is the same.
5.2 Possible progenitor of MGC1
One of our main results is that if MGC1 comes from a dwarf
galaxy, then the dwarf galaxy most likely had a specific or-
bital energy similar to that of MGC1. If the dwarf galaxy
is still around then it must have remained on a fairly wide
orbit, which means that any orbital decay due to dynamical
friction would be minimal. This means that the dwarf galaxy
probably retained its specific orbital energy. It is therefore
interesting to investigate the satellite galaxies in M31 with
this specific orbital energy. However, for the satellite galax-
ies in M31 we do not have 3D positions and velocities, but
are restricted to radial velocities and projected distances.
We can however estimate a lower bound energy, computed
by using the projected distance and the model for the M31
potential used in our simulation to find the potential energy
and the kinetic energy from the radial velocity alone. This
energy is a lower bound because the projected distance must
be less or the same as the total distance (therefore its poten-
tial energy will only increase as we add radial distance), and
similarity the radial velocity is smaller or equal to the to-
tal velocity (therefore kinetic energy will increase as proper
motion is added). In Fig 11 we plot this lower bound energy
as a function of the projected distance for M31 satellites
(black points) with known radial velocity and projected dis-
tance estimates. The plot also includes the values for the
MGC1 (red plus) as well as green region which highlights
the region ±2 × 103 km2 s−2 from the MGC1 lower bound
energy (≈ −19 × 103 km2 s−2). Within this region there are
3 satellite galaxies, Andromeda XXVII, Andromeda XXV
and Andromeda II at the projected distances 60 kpc, 90 kpc
and 161 kpc respectively. These three galaxies are marked
by name in Fig. 7, where we also find that only Andromeda
XXV orbits on a co-rotating orbit. Because MGC1 is also on
a co-rotating orbits, Andromeda XXV is a preferred choice
for an MGC1 progenitor out of the three mentioned galaxies.
This dwarf galaxy was investigated by Cusano et al. (2016),
whom found that Andromeda XXV consists of a single pop-
ulations of stars with an age 9−13Gyr and a low metallicity,
[Fe/H] ∼ −1.8. Although, this is more metal-poor compared
to the metallicity of MGC1 at [Fe/H] = −1.37 ± 0.15 (Alves-
Brito et al. 2009) they do have ages that are comparable.
Previously, when comparing the Plummer model with
a NFW model, we chose to do so with an orbit that used
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Figure 9. Plots shows the same as Fig. 1, but for the trajectory of ANDXXV, assuming zero proper motion. Note that the time axis is
set such that t = 0 corresponds to the current location of ANDXXV. The left plot shows a simulation using a Plummer model for the
dwarf potential, whereas the right plot is for one using a NFW model (see text for details).
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Figure 10. Figure comparing the acceleration (left axis) in the
Plummer potential field with that of the NFW potential for the
simulations an assumed ANDXXV orbit as function of radius, r ,
from the dwarf galaxy. The markers (squares for the Plummer
simulation and circles for the NFW simulation) corresponds to
number of clusters (right axis) at the initial position in the dwarf
galaxy. Markers are colours according to where they ended up at
the end of the simulation (colours are the same as for previous
plots, see e.g, Fig. 1).
the ANDXXV position and radial velocity as orbital param-
eters (assuming zero proper motion). In Fig. 12 we show
the positions of all globular cluster trajectories after 10 Gyr
evolution in the M31 potential (we integrated the dwarf 10
Gyr backwards before initialising the GCs). The figure in-
cludes both the simulation with the Plummer model (left)
and the one with the NFW model (right). The distribu-
tion is comparable in both cases, although the GCs in orig-
inating from the NFW halo have a tendency to cluster in
certain locations, whereas the GCs from the Plummer po-
tential are more evenly spread out. The same is also seen
in the histograms shown in Fig. 9. In Fig. 12, clusters that
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Figure 11. Lower bound specific energy as a function of projected
distance for the observed satellite galaxies in M31. The energy
is calculated by assuming that the radial velocity is the total
velocity of the satellite and that the projected distance is the total
distance between the M31 centre and the satellites. Because these
quantities are only fractions of the total corresponding quantity
the energy calculated must be a lower bound for the true specific
energy. The plot also includes the same quantity for the MGC1
cluster (marked with red plus). The three satellites with lower
bound specific energies closest to that of MGC1 (within the green
region ±2 × 103 km2 s−2 from the MGC1 marker) are Andromeda
XXVII, Andromeda XXV and Andromeda II listed in order of
increasing projected distance. These three satellites are named in
Fig. 7, where we find that only Andromeda XXV has the same
orbital orientation as MGC1. The satellite which is on the edge
of the region is Andromeda XXIII.
are marked with blue filled circles on the bottom right of
the dashed line co-rotate with M31, whereas the opposite is
true for red filled circles. We also marked the GCs in this
simulation that ended up on MGC1-like orbits with crosses.
We find that very broadly these cluster end up in same part
of the sky as MGC1. We stress however, that the without
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Figure 12. Same as for Fig. 7, but for a simulated 10Gyr evolution between orbits using the position and radial velocity of ANDXXV
integrated backward 10Gyr before starting for 1000 different GC trajectories initially bound to the dwarf galaxy. The dashed line divides
the projected plane through the rotation axis (pointing toward the bottom left) of M31, which means that clusters co-rotate with M31 if
approaching (blue) on the bottom right side of the dashed line or receding (red) its the top left side. The left plot shows the simulation
using a Plummer model for the dwarf potential, and the right plot shows the simulation using a NFW model. Marked with crosses are
clusters that are labelled as MGC1-like in Fig. 9. Note that the MGC1 is co-rotating with the rotation of M31, thus would appear blue
in this figure.
knowing the proper motion of either of their proper motions,
we cannot say definitively that ANDXXV is the progenitor
of MGC1 and this test shows only that this is possible. Bet-
ter comparisons between metallicity, colour and similarities
in stellar populations could provide a means for strengthen-
ing or excluding Andromeda XXV, as well as the other two
mentioned dwarf galaxies as possible progenitors.
5.3 Alternative origins for MGC1 and future work
Finally, we want to focus on alternative origins of MGC1,
which are not covered in this work. There has been previous
work focusing on the formation of GCs in galactic encoun-
ters, see Renaud (2018) and references therein. Several works
has looked at formation and evolution of globular cluster in
cosmological simulations, however, due to the high demand
on computational power that is required to resolve the GC
scale in such large simulation boxes, they are typically lim-
ited to the evolution of a single galaxy (see, e.g., Kravtsov &
Gnedin 2005; Renaud et al. 2017). An exceptions is Hughes
et al. (2019) who looked at a suit of 15 zoom-in simulations
of Milky Way-like galaxies from the E-MOSAICS project
(Pfeffer et al. 2018)) with a focus on the properties of GCs
and stellar streams from accretion of satellites. They suggest
a method for estimating the mass of the progenitor satellite
with a given GC given a reliable way of finding a stream asso-
ciated with the GC. Unfortunately, with the case of MGC1,
no such stream has yet been identified (Mackey et al. 2010a).
In our simulations we do not look at larger galaxies as pro-
genitors, since these are more likely to leave streams. How-
ever, if MGC1 had a very wide orbit in its original host then
it could have been stripped without much interaction be-
tween the two galaxies. One example of such an encounter
would be the hypothesised encounter between M31 and M33
(van der Marel et al. 2012; Brunthaler et al. 2005; Lockman
et al. 2012). M33 has a mass of 4.3×1011 M (Corbelli et al.
2014) and has been found to have a remarkable absence of
an outer globular clusters population (Cockcroft et al. 2011).
Cockcroft et al. suggested that a possible explanation would
be if M33 was heavily stripped of its globular clusters dur-
ing an encounter with M31, which could have placed MGC1
where it is located today.
Another possible scenario for forming MGC1, which
would not require any interaction with galaxies, is if it
formed as an extra-galactic clusters which later accreted to
M31. Extra-galactic cluster formation could occur in a cold
filamentary stream from which gas was supplied to M31 in
the very early Universe (Mandelker et al. 2018).
In this work we have focused on the globular clusters
in M31, and in particular MGC1. However, since M31 has
many similarities to Milky Way further work to compare
our results to our own Galaxy could give useful results, al-
though it would take this work beyond the scope of the main
question addressed. In particular, the data available from
the Gaia mission (see, e.g., Gaia Collaboration et al. 2018;
Vasiliev 2018) could give better understanding about how
our method for distinguishing the number of accreted and
in-situ clusters compare to other method, such as compar-
ing blue and red clusters (Searle & Zinn 1978; Mar´ın-Franch
et al. 2009; Keller et al. 2012). Moreover, although M31 does
not suffer from extinction in the same way as the Milky Way
(especially in the outer parts), its globular clusters has the
benefit of being significantly closer, and they could therefore
be subject to very deep searches for association to tidal fea-
tures. This could provide better means at determining the
how rare extremely isolated clusters are.
6 SUMMARY & CONCLUSIONS
We have tested if tidally stripping a globular cluster away
from a dwarf galaxy during a close encounter with M31 and
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leaving it on a wide orbits without leaving any visible trace
is a viable mechanism for producing the MGC1 cluster. We
used simple models for the M31 galaxy and the dwarf galaxy
in favour of running a large set of numerical simulations to
test what type of orbital properties for the dwarf galaxy
gives reasonably high likelihood of leaving behind clusters
observable as MGC1. The main conclusions from our study
are the following:
(i) We find that in certain ranges of specific orbital energy
for a dwarf galaxy, there is a significant likelihood to produce
isolated clusters on orbits wide enough to place them at an
orbital distance comparable to that of MGC1. Regardless of
mass the likelihood of producing such clusters peaks close to
the specific orbital energy of MGC1 (≈ −19 × 103 km2 s−2).
Furthermore the amplitude of the peak varies for different
masses (increasing with decreasing mass).
(ii) In individual encounters, the clusters on prograde or-
bits are more likely to be tidally stripped away, in agreement
with previous work for stars (Read et al. 2006). To tidally
strip away clusters and place them on orbits significantly
different compared to the host dwarf galaxy (e.g. MGC1-
like clusters) the angular momentum vector for the dwarf
orbit around the major galaxy, Js, and that of the cluster
orbit around the dwarf, Jc, should align to as high degree as
possible (quantified by Js · Jc ≈ 1).
(iii) We find that for the dwarf galaxies with smaller
masses the likelihood of producing clusters like MGC1 de-
creases with increasing pericentre distance. Surprisingly, for
more massive dwarf galaxies the decrease is small to negligi-
ble. Furthermore, we find that the dwarf galaxy trajectory
needs a pericentre distance larger >≈ 30 kpc in order to survive
the encounter regardless of mass.
(iv) In accordance with other works investigating accre-
tion of globular cluster (see, e.g., Brodie & Strader 2006),
we find that there is not any preferred orbital orientation
among the accreted clusters. Assuming that accretion of
clusters leaves the same number of clusters on co-rotating
and counter-rotating orbits, we are able to infer the relative
frequency of accreted and in-situ clusters as a function of
projected radius, see equation (12) and Table 3. For M31,
we find in the inner region roughly 50% of the clusters have
been accreted, whilst this figure increases to over 80% fur-
ther out. This agrees with the number found by Mackey et al.
(2010b), whom counted accreted clusters by looking for as-
sociation to stellar streams and spatial correlation between
clusters.
Furthermore, as a test that ties our simulations to observa-
tions of the global properties of M31, we compared the total
number distribution of clusters that is accreted by M31 in
our simulations to the distribution observed given that our
simulations produce one cluster at the orbital distance of
MGC1. We find that if we select encounters with specific or-
bital energy larger than the specific orbital energy of MGC1
then we tend to populate M31 with a significant number of
clusters beyond 200 kpc. Since MGC1 is one of the outer-
most cluster in M31 this implies that encounters between
M31 and dwarf galaxies with specific orbital energy larger
than this rarely contribute with globular clusters. Using this
restriction for specific energy of the dwarf galaxy, but other-
wise sampling encounters uniformly in specific energy with
masses that match the subhalo mass function for a galaxy
like M31, we find that the number distribution of clusters
that are captured in our simulations matches the one ob-
served in M31, with the exception of the innermost region
where we do not contribute clusters. We do not populate
the innermost region because our simulations do not cover
encounters necessary to place clusters on such orbits. In ad-
dition, in some cases additional physics not covered in our
model (for example dynamical friction) may play a role in
shrinking globular cluster orbits.
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